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FIELD OF THE INVENTION 

[0001] The invention relates generally to multi-wheel drive vehicles and, more 
particularly, to the steering of mult- wheel drive vehicles such as, for example, wheelchairs 
and the like. 

BACKGROUND OF THE INVENTION 

[0002] Generally, a multi-wheel drive vehicle is any vehicle that has more than one 
wheel that is used to power or drive the vehicle. Examples of such vehicles include two 
and four wheel drive wheelchairs. Driving such vehicles in straight lines does not pose 
significant control issues. However, this is generally not the case when driving such 
vehicles into turns. More specifically, to drive a multi-wheel drive vehicle into a turn 
requires that each of the wheel drives have differing velocities in order to achieve the turn. 

[0003] If these differing velocities are not properly realized in the wheel drives, 
several undesirable consequences result. For example, if one or more of the wheel drives 
has a velocity below that required to make the turn at a particular vehicle speed, those 
affected wheel drives will at least partially "drag" along the riding surface. This is 
undesirable for several reasons. First, it creates wear on the wheel component of the wheel 
drive. Second, it creates wear on the riding surface. If the riding surface is, for example, a 
carpet, then such carpet may be damaged by such dragging action. If one or more of the 
wheel drives has a velocity above that required to make the turn, the vehicle will not 
effectively make the desired turn because the vehicle suffers from understeer. 
Additionally, such non-optimal control of the wheel drives leads to higher energy 
consumption by the vehicle, which significantly reduces the vehicle's range. Hence, it 
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desirable to provide a system and method for controlling a multi-wheel drive vehicle that 
does not suffer these drawbacks. 

SUMMARY OF THE INVENTION 

[0004] According to one embodiment of the present invention, a method of 
controlling a multi-wheel drive vehicle is provided. The method is preferably applicable 
to the steering of such a vehicle and determines the individual velocities for each wheel 
drive. In this regard, the method includes two general steps. The first step includes 
determining the distance of each wheel drive and a vehicle velocity reference point from a 
turning reference point. The second step includes ratioing two components: the distance - 
from the turning reference point to each wheel drive and the distance from the turning 
reference point to the vehicle velocity reference point. The ratios are then applied to a 
vehicle velocity that is associated with the vehicle velocity reference point, to determine 
the velocity of each respective wheel drive. Once determined, the velocities are output to 
each wheel drive. 

[0005] According to another embodiment of the present invention, a method of 
controlling a multi-wheel drive vehicle includes, for example, the step of determining a 
tu rnin g reference, vehicle .velocity, and reference distance. The reference distance is the 
distance between the turning reference and a known reference position relative to the 
vehicle. The method further includes, for example, detennining a wheel drive distance and 
velocity for each wheel drive. The wheel drive distance is the distance of each wheel drive 
from the turning reference. The velocity for a wheel drive is determined from the wheel 
drive distance, reference distance and vehicle velocity. Once the velocity for each wheel 
drive has been determined, it is outputted to each wheel drive. 

[0006] According to another embodiment of the present invention a system for 
controlling a multi- wheel drive vehicle is provided. The system includes, for example, an 
input device, a controller in circuit communication with the input device, at least two 
wheel drives in circuit communication with the controller, and logic for determining the 
individual velocities for the at least two wheel drives. 
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[0007] Hence, the present invention is particularly useful for any vehicle having 
two or more wheel drives. The present invention is also applicable to any vehicle that 
allows for individual wheel drive control. Such vehicles include electrically driven 
vehicles and combustion engine driven vehicles. The present invention is also particularly 
useful in that it can replace conventional transmissions including differential gearboxes, 
four wheel coupling transmissions, and special "visco" clutches, just to name a few. It 
should also be noted that the present invention can also be used with such conventional 
transmissions that allow for individual wheel drive control 

[0008] Therefore, it is an advantage of the present invention to provide a method of 
steering a multi-wheel drive vehicle by determining the velocity of each individual wheel 
drive. 

[0009] It is another advantage of the present invention to provide a system for 
steering a multi-wheel drive vehicle that includes a means for determining the individual 
velocities of each wheel drive. 

[0010] It is yet another advantage of the present invention to provide a surface 
tolerant drive system that includes a means for driving a vehicle when the wheel drives are 
on differing surfaces. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] In the accompanying drawings which are incorporated in and constitute a 
part of the specification, embodiments of the invention are illustrated, which, together with 
a general description of the invention given above, and the detailed description given 
below, serve to example the principles of this invention. 

[0012] Figure 1 is a general block diagram of a control system 100 of the present 
invention. 

[0013] Figure 2 is a block diagram illustrating the spatial relationships of the wheel 
drives and reference points of one exemplary embodiment of the present invention. 
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[0014] Figure 3 is a block diagram further illustrating the spatial relationships of 
the wheel drives and reference points of one exemplary embodiment of the present 
invention. 

[0015] Figure 4 is a flowchart generally illustrating the logic steps executed by a 
first embodiment of the present invention to determine the individual wheel drive 
velocities. 

[0016] Figure 5 is a flowchart generally illustrating the logic steps executed by a 
second embodiment of the present invention to determine the individual wheel drive 
velocities. 

» 

DETAILED DESCRIPTION OF ILLUSTRATED EMBODIMENT 

[0017] Illustrated in Figure 1 is a block diagram of a system 100 of the present 
invention. System 100 has a controller 102, logic 104, input device 106, and wheel drives 
108, 110, 112, and 114. Controller 102 is any computer-based controller suitable for 
controlling a vehicle. In this regard, controller 102 generally has a processor, memory, 
and input/output components (not shown). Controller 102 can also have electric motor 
drive circuitry associated therewith (not shown). 

[0018] Input device 106 is in circuit communication with controller 102 and 
provides input signals thereto. More specifically, input device 106 is preferably a user 
manipulable device such as a joystick or other similar device. In this regard, input device 
106 at least provides vehicle velocity and turning vector information. Generally, such 
vector information is in the form of magnitude and direction information. In its simplest 
form, input device 106 outputs "x" and "y" Cartesian coordinate information wherein the 
"x" coordinate relates to turning vector information and the 'Y' coordinate relates to 
velocity vector information. 

[0019] Wheel drives 108, 110, 1 12, and 1 14 are also in circuit communication with 
controller 102. Each wheel drive preferably as a wheel component and a drive component. 
The drive component is preferably responsible for driving the wheel component and can be 
in the form of any one of a number of embodiments. For example, one embodiment of a 



drive component is a gearless, or transmissionless, brushless electric motor. Another 
embodiment of a drive component is a brushed electric motor and a gearbox, or 
transmission, communicating with the wheel component. Each wheel drive may also have 
electric motor drive circuitry associated therewith that receives drive control signals from 
controller 102 and correspondingly translates these control signals to properly drive the 
wheel drive. Other embodiments include combustion engines with electronic or hydraulic 
transmissions. For example, a single combustion engine may be coupled with a 
transmission system that allows each drive wheel to be driven at a different velocity. 
Further variations of these embodiments are also intended to fall within the scope of the 
present invention. Hence, the present invention is applicable to and includes numerous 
embodiments of wheel drives. 

[0020] Also in circuit communication with controller 102 is a steering servo- 
mechanism 116. The steering servo mechanism 116 is in physical communication with 
wheel drives 112 and 1 14 and physically drives the angular position of such wheel drives. 
In this regard, steering servo mechanism 116 has associated therewith a position resolver 
or potentiometer (not shown), which outputs the steering servo mechanism's 116 angular 
position fi. (See Figure 2). One example of a common steering servo-mechanism is a 
rack-and-pinion mechanism. Other types of steering servo-mechanisms also exist that can 
be employed. 

[0021] Logic 104 of the present invention determines the velocity of each wheel 
drive 108, 1 10, 1 12, and 1 14. As will be described in connection with Figures 2 through 5, 
logic 104 employs vehicle velocity and turning information to appropriately determine the 
required wheel drive velocities to ensure when driving into a turn that the turn is preferably 
taken without any of the wheel drives dragging on the riding surface. 

[0022] . In the preferred embodiment, system 100 is applied to a vehicle such as, for 
example, a four-wheel drive wheelchair. However, system 100 is applicable to other 
multi-wheel drive vehicles such as scooters, golf carts, and all-terrain vehicles just to name 
a few examples. Generally, any vehicle having more then one wheel drive can benefit 
from the present invention. 



[0023] Referring now to Figure 2, the present discussion will now focus on the 
general logic of the present invention as it applies to, for example, a four-wheel drive 
vehicle. More specifically, Figure 2 illustrates several reference points and dimensions 
that are employed by logic 104 with reference to the location of wheel drives 108, 110, 
1 12, and 114. In this regard, the wheel base positions or dimensions are defined as Hbl, 
and W B l for the left rear wheel drive 1 12 and H B r and W B r for right rear wheel drive 1 14. 
The wheel base positions or dimensions for the front left and right wheel drives 108 and 
1 10 are defined by Wfl and Wfr. The above-defined wheel drive base dimensions H and 
W values denote vertical and lateral distances, respectively, from a reference point "O," 
which is the center or origin of the vehicle's coordinate system. Additionally, these values 
are all stored in the memory of controller 102 for use by logic 104, as will be explained 
below. 

[0024] A turning reference point "P" exists that is a turning reference distance "a" 
from point "O". Turning reference point "P" defines a point about which the vehicle 
desires to turn. A third point "R" exists laterally between wheel drives 1 12 and 114 and 
spatially defines the vehicle's velocity reference point. The steering servo-mechanism 116 
is mechanically coupled to the rear wheels. The steering servo-mechanism 1 16 is typically 
a geared motor, which drives a lever and a position feedback potentiometer. The feedback 
potentiometer defines an angular position in terms of an angle /?, as shown. The angle fi is 
used to determine the turning reference distance a between turning reference point "P" and 
point "O", as shown in Figure 2. This determination is made via Equation (1): 

a = HRXtanJ3 Eq. (1) 

where is the angle formed between the "y" axis running through point "O" (positive 
direction shown) and the vehicle's velocity vector Vr, and Hr is the vertical distance 
between point "O" and the velocity reference point "R'\ For example, if Hr = 1 then when 
angle fi is 45 degrees, the turning reference distance a between turning reference point "P" 
and point "O" is equal to one. In this example, turning reference distance of a - 1 
represents a turning radius of 1 yard, meter, foot, or other units as desired. The location of 
turning reference point "P" relative to point "O" is determined via Equation (2): 
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? = -Hrx cot(/?) = Hrx cot(- p) 



Eq. (2) 



[0025] 



Having defined the turning reference distance a and the wheel base 



positions, reference is now made to Figure 3. Figure 3 illustrates distances S from turning 
reference point "P" to each wheel drive and the velocities V of each wheel drive. In this 
regard, logic 104 employs either of two approaches to determine the individual wheel 
drive velocities. The first approach utilizes a two step analysis wherein the first step is to 
determine, from turning reference point "P" the distance of each of the wheel drives and 
the vehicle's velocity reference point "R". Once these distances are known, the individual 
wheel drive velocities can be determined based on the known velocity at the vehicle's 
velocity reference point "R" and the wheel drive's distance from turning reference point 
"P". The second approach utilizes the steering servo-mechanism's 1 16 angular position 
and the vehicle's wheel drive base dimensions. 

[0026] Referring now to Figure 3, the present discussion will now focus on the first 
approach described above. In this regard, distance Sn is the distance between wheel drive 
108 and turning reference point "P." Similarly distances Sfr, Sbl, and Sbr represent the 
distances between wheel drives 110, 112, and 114, respectively, and turning reference 
point "P." Distance Sr represents the distance between vehicle's velocity reference point 
"R" and turning reference point "P." So defined, these distances can be determined 
according to Equations (3)-(7): 




Eq. (3) 



Sm = a + — 
2 



Eq.(4) 



/' 




Eq. (5) 




Eq. (6) 



Sr = Jci 2 +Hr 2 



Eq. (7) 
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Once all of the wheel drive distances S from turning reference point "P" have been 
determined, the vehicle's velocity V R and the individual velocities V BLy V br , V fl , and V FRy 
for wheel drives, 112, 114, 108, 110, respectively, can be determined. In this regard, 
velocities Vr, and V BL and V B r for wheel drives 112 and 114 can be determined from 
Equations (8)-(10): 



In Equation (8), the vehicle's velocity V R is a function f(x,y) of the output signals of input 
device 106. In this regard, The "x" coordinate provides data for determining a turning 
vector's magnitude and direction and the "y" coordinate provides data relevant to both the 
vehicle's velocity vector magnitude and direction and the turning vector magnitude and 
direction. Typically, the function f(x,y) also provides for, among other things, limitations 
on the vehicle's top velocity, rate of acceleration, and/or rate of deceleration, for safety and 
proper operation of the vehicle. The exact parameters of function ffay) are generally 
determined based on a particular wheelchair's design. Also, the vehicle's turning vector 
information is typically a function g(x,y) of both the "x" and "y" coordinate data. In this 
regard, the "y* ' coordinate (or velocity data) is typically used to reduce the magnitude of 
the turning vector at higher vehicle velocities for purposes of safety (e.g., to prevent the 
vehicle from flipping or rolling over.) Once again, the exact parameters of g(x,y) are 
determined based on a particular wheelchair's design. Additionally, the velocity function 
f(x,y) and turning function g(x,y) may be implemented using the polar output information 
(r t d). Hence, the velocity function would be in the form of f(r,6) and the turning function 
would be in the form of g(r,0), where the parameters of each function are determined 
based on a wheelchair's particular design. Moreover, the turning function g(x t y) or g(r t d) 
can itself be modified by a function m(g(x,y)) to account for the difference between the 
turning function's angular output result and the servo-mechanism's actual angular position. 



V R =f(x,y) 



Eq. (8) 




Eq. (9) 




Eq. (10) 
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Such differences arise, for example, because the servo-mechanism requires a finite time 
between changes in angular positioning and because the actual servo-mechanism angular 
position may be slightly different from that determined via the output of input device 106. 
Once the reference velocity Vris determined, it is stored in the memory of controller 102 
for use in determining the individual wheel drive velocities. 

[0027] The equations for determining velocities Vfu and Vfr for wheel drives 108 
and 110, respectively, are dependent on angle /? and can be shown to be defined by 
Equations (11K14): 

o 

Vfl = — xVr ior0>fi>-n Eq.(ll) 

Sr 

Vfr = — xVr for0> fi>-n Eq. (12) 

Sr 

Vfl = — xVr for0<fi<K Eq.(13) 

Sr 

Vfr = — xVr for 0 < fi < it Eq. ( 1 4) 

Sr 

Generally, Equations (9)-(14) determine each wheel drive's velocity V by ratioing each 
wheel drive distance S with the vehicle's velocity reference point distance Sr and then 
applying that ratio to the vehicle velocity Vr designated at the vehicle velocity reference 
point "R". Hence, by determining the individual wheel drive distances, the individual 
wheel drive velocities can be determined therefrom. 

[0028] Still referring to Figure 3, the second approach described above utilizes the 
steering servo-mechanism's 116 angular position /? and the vehicle's wheel drive base 
dimensions to determine each individual wheel drive velocity. In this regard, wheel drive 
velocities V B u V B r> Vfl, and V F r can be defined by the following Equations (15)-(18) 
derived from Figure 3: 
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Vbl = Vrx- 



Hr x cos(- J3 ) - — x sin(- 0) 



-a 



+ [H B xsia(-/3)f 



Hr 



Eq.(15) 



Hr x cos(- fi)+—x sin(- /?) 

2 



Vbr-Vrx J— 



-2 

I + [/fexsin(- > 0)] 2 



/ft 



ft* 



Vfr 



= ^x[cos(->ff)-^xsin(-/?)j 
= ^x[cos(-^) + ^xsin(- > ff)j 



Eq.(16) 



Eq. (17) 



Eq.(18) 



In Equations (15)-(18), wheel drive base dimensions Wb = Wbl + Wbr and W F = Wpi + 0fo 
and reference dimension i/ 5 = = H B r and F/? is determined via Eq. (8). (See, for 
example, Figure 3 showing the aforementioned dimensions and angle). Additional drive 
wheels that are connected to a steering servo-mechanism would follow the general form of 
Equations (15) and (16) such as, for example, in the case of a six-wheel drive vehicle that 
has four steerable wheel drives. Equations (15)-(18) are similar to Equations (9)-(14) 
except that Equations (15)-(18) incorporate the steering servo-mechanism's 116 angular 
position P and, therefore, simplify the determination of Vfl and Vfr. Hence, the individual 
wheel drive velocities can be determined based on the steering servo-mechanism's 116 
angular position fi and the wheel base dimensions of the vehicle. 

[0029] A third embodiment of the present invention provides for the determination 
of the steering angle for individually steerable wheel drives. It should also be noted that 
both previous embodiments of the invention can also be derived from the following 
general approach. In this regard, the positions of reference points U P" and "R" and wheel 
drives 108, 110, 112, and 114 can be determined via Equation (2) and physical 
measurement of the vehicle's dimensions, respectively. These positions can then be 
generally represented as follows: 
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P = (X P ,Q) Wheel drive 108 = (X FL ,0) Wheel drive 110 = (X FR) 0) 



Wheel drive 1 12 = (X bl ,Ybl) Wheel drive 1 14 = (X B r,Y B r) 



The steering angle for wheel drive 1 12 can then be determined via Equations (19)-(22): 



Vblt = (Xr - Xbl)x — + Vry 
Yr 



Eq. (19) 



Yr 



Zybl = arctan 

[VbuJ 



forK^>0 



Eq. (20) 



Eq. (21) 



ZVbl = arctan + n 

KVbu) 



for V B lc<0 



Eq. (22) 



wherein Vrx~ Vr sin fi and F^r = ^ cos /?. Equations (19) and (20) determine the "x" and 
"y" components of velocity F^for wheel drive 112. Equations (21) and (22) determine 
the angle based oh the sign of Vblx • The velocity Vbl can be determined via Equation 
(23): 



VBL^JiVBtsf +{VBLyf 



Eq. (23) 



The velocities and steering angles for wheel drives 108, 110, and 114 can be similarly 
determined. Once the velocities and steering angles have been determined for all of the 
wheel drives, they can be output to each wheel drive to effect movement of the vehicle. 

[0030] Illustrated in Figure 4 is a flowchart 400 representation of the above- 
described logic employing Equations (1) and (8)-(14). The logic starts in step 402 where 
the logic reads the angular position fi of steering servo-mechanism 116. The logic next 
advances to step 404 where the reference distance a, individual wheel drive distances S, 
and vehicle velocity reference point distance Sr are determined via equations (1) and (3)- 
(7), respectively. After step 404, the logic advances to step 406 where the velocities for 
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each wheel drive are determined based on each wheel drive's distance S, the vehicle 
velocity reference point distance Sr, the overall vehicle velocity Vr, and angle fi. (See, for 
example, Figure 3 and Equations (8)-(14)). After all of the wheel drive velocities have 
been determined, they are output in step 408 to the wheel drives. After step 408, the logic 
loops back to step 402 and the logic repeats. It should also be noted that an additional step 
can be included for individually steerable wheel-drives that includes outputting the 
steering angle for each wheel drive to the individual wheel drive for effecting movement of 
the vehicle. 

[0031] Figure 5 illustrates a flowchart 500 representation of the above-described 
logic employing Equations (8) and (15)-(18). In this regard, the logic starts in step 502 
where the angular position p of steering servo-mechanism 116 is read. The logic next 
advances to step 504 where the reference velocity and the velocities for each wheel drive 
are determined via equations (8) and (15)-(18). In step 506, the logic outputs the 
individual velocities to the appropriate wheel drives. After step 506, the logic loops back 
to step 502 and the logic repeats. Once again, it should also be noted that an additional 
step can -be included for individually steerable wheel-drives that includes outputting the 
steering angle for each wheel drive to the individual wheel drive for effecting movement of 
the vehicle. 

[0032] In summary, by determining the individual wheel drive velocities for a 
mult-wheel drive vehicle, accurate turns may be taken by the vehicle that do not cause 
oversteer, understeer, or any of the wheel drives to drag along the riding surface. The 
velocities can be determined by either of two approaches. The first approach generally 
utilizes a two step analysis. The first step determines the distance of each wheel drive 
from a turning reference point. Once the distances have been determined, the velocities 
are determined in a second step by ratioing the wheel drive distance from the turning 
reference point and the vehicle's velocity reference point distance from the turning point 
and applying that ratio to the vehicle velocity. The second approach utilizes the steering 
servo-mechanism's angular position and the vehicle's wheel drive base dimensions, along 
with the vehicle velocity, to determine the individual wheel drive velocities. Once all of 
the individual wheel drive velocities have been determined, they are applied to the wheel 
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drives. Moreover, for individually steerable wheel drives, the steering angle can be 
determined through the wheel drive's velocity "x" component and c y component. 

[0033] In this manner, each wheel drive is given its own velocity that is associated 
with the velocity and turning vector information presented by input device 106 so as to 
eliminate oversteer, understeer, and wheel drive drag during turning. Additionally, the 
vehicle is provided with a surface tolerant drive system that provides independent wheel 
drive velocities. For example, if a first wheel drive is on a normal road surface and a 
second wheel drive is on a complicated surface such as, for example, an ice surface, the 
vehicle will continue to be driven by virtue of the drive provided by the first wheel drive. 

[0034] While the present invention has been illustrated by the description of 
embodiments thereof, and while the embodiments have been described in considerable 
detail, it is not the intention of the applicant to restrict or in any way limit the scope of the 
appended claims to such detail. Additional advantages and modifications will readily 
appear to those skilled in the art. For example, the Y and "y' * coordinates of each wheel 
drive can also be used to determine each wheel drive's respective distance from the turning 
reference. The velocity of any given wheel drive may be allowed to vary or deviate within 
a small range to account for vertical wheel movements due to, for example, obstacles, or 
small misalignments in the vehicles geometry or other non-idealities. Therefore, the 
invention, in its broader aspects, is not limited to the specific details, the representative 
apparatus, and illustrative examples shown and described. Accordingly, departures can be 
made from such details without departing from the spirit or scope of the applicant's 
general inventive concept. 
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